It is now accepted that adults with severe GH deficiency (GHD) demonstrate impaired physical and psychological well-being and may benefit from replacement with recombinant human GH. Postmarketing surveillance surveys, such as the Pfizer International Metabolic Database (KIMS), were initially set-up to provide safety data on long-term treatment but have the added benefit of providing ongoing observational data on the effect of GH replacement on body composition, lipid and glucose status, hypertension, bone density and quality of life. These data demonstrate that although GHD has clinical impact at all ages, the individual consequences of this condition may take on greater significance at different stages in life. At all ages, accurate, safe diagnosis and appropriate GH dosing are necessary to provide the individual with the best possible outcome.
Introduction
Therapeutic patient databases, such as the Pfizer International Metabolic Database (KIMS), have formed the basis of much of our understanding regarding the optimum use of GH replacement. The conclusions that can be drawn from such resources will always be limited by their open, non-randomised nature, with the risk of enrolment bias, missing data and lack of valid comparisons (1) . However, taken in combination with controlled studies, they provide a wealth of supportive data. Furthermore, the large numbers of patients enrolled permit subgroup analysis that would not be feasible on a local level. This has allowed for the characterisation of GH deficiency (GHD) in different phases of adult life and for the assessment of the effect of GH replacement across the entire adult age range (2) . Such databases allow for the documentation of adverse events and safety monitoring, a prerequisite at all stages of life.
The impact of the individual consequences of adult GHD may vary at different stages of life. In the young adult who has completed linear growth, GH has a continuing and important role in achievement of maximum bone density and lean body mass (LBM). In middle age, the year on year negative impact of GHD on cardiovascular risk factors becomes of increasing importance. In older patients, the effect of GHD on body composition may become less relevant as other age-related physiological changes predominate. It could be argued that quality of life (QoL) issues are the major consideration in the older patient but we should remain aware of GHD-related cardiovascular and bone morbidity in this age group. Furthermore, there is much evidence to indicate that GHD-related QoL deficit is very important in younger adults, although this may be difficult to quantify in adolescents.
Hypopituitarism and GHD are associated with increased mortality, with several studies showing an increased standardised mortality ratio (SMR) in hypopituitary patients who are receiving conventional hormone therapy (glucocorticoid, thyroxine and sex steroids) excluding GH (3) (4) (5) . Although the most recent of these studies failed to demonstrate GHD as an independent risk factor for increased SMR, it should be borne in mind that the substantial majority of patients surveyed in this study had not undergone a dynamic test of pituitary function. These patients were not designated as having GHD in regression analysis, although it is highly likely that they were indeed GHD as evidenced by their additional pituitary hormone deficiencies and therefore the study could not specifically refute an aetiological role for GHD in increasing mortality rate (4) . Open studies of GH replacement have been associated with normalisation of mortality rates. Svensson et al. , in an open prospective study, found that after 3 years GH replacement mortality rates were no different to background population rates and were improved compared with mortality rates in a historical hypopituitary cohort not treated with GH (6) . Both the increased mortality in hypopituitary patients and the possible improvement in mortality seen with GH replacement are likely to arise from a host of hormonal and non-hormonal interactions, the complexity of which hinders easy interpretation. Furthermore, recent medical interventions distinct from GH replacement, including improved control of cardiovascular risk factors, may play a major role in improving SMR when contrasted with historical control data. Similarly, although data from KIMS indicate normal SMR in patients on long-term GH replacement, the impact of bias in patient selection for GH replacement and the favourable effects of enhanced clinical care render it difficult to define a precise beneficial effect of GH on mortality at the present time.
In this review, we will examine the clinical features of GHD and the response of these to GH replacement with particular reference to the impact of age.
Diagnosis
The gold standard for confirming GHD in the hypopituitary patient is the insulin tolerance test (ITT). This was the first test validated in patients with structural pituitary lesions (7) and has been demonstrated to be safe when performed in an experienced endocrine unit (8) . It should be interpreted with caution in the significantly obese as false positives may occur (9) . International consensus guidelines suggest that only adults with severe GHD, as defined by a peak GH !3 mg/l on ITT, should receive GH replacement (10) . This contrasts with the paediatric population in which GH therapy may be given in the presence of normal GH reserve for the treatment of short stature, and moderate GHD is treated in order to enhance linear growth. In children treated for GHD, therapy should be continued beyond the achievement of target height, usually between 17 and 19 years, until full somatic development is reached in the mid to late 20s; this period of time reflects the transition between adolescence and full adult development. Guidelines have been issued by the European Society of Paediatric Endocrinology regarding the investigation and management of GHD during this period (11) . There is some evidence that even in the absence of severe deficiency, partial GHD in young people (peak GH response 3-11.8 mg/l on provocation testing) may have a negative effect on body habitus (12) . This raises the possibility of future increased morbidity and mortality in these patients, although strategies for their future surveillance remain poorly defined.
In older patients, hypoglycaemia also acts as a potent GH secretagogue; Kalk et al. found no difference in GH response to ITT in a group of healthy elderly people (mean age 76 years) when compared with younger controls (mean age 32.7 years) (13), although some studies are at variance with this finding (14) . As the likelihood of cardiovascular or seizure-related contraindications to ITT increases with age, alternative tests of GH reserve may be required. Glucagon may be considered an acceptable alternative, whereas isolated arginine is limited by marked variation in response according to body mass index (BMI) (15) and clonidine, although useful in children, is a poor test in adults (16, 17) . GH-releasing hormone (GHRH) in isolation is not an appropriate test of the hypothalamic-pituitary unit and is limited by the problems of all hypothalamic releasing-hormone tests in the assessment of overall hypothalamic-pituitary function. However, the combination of GHRH with arginine or GH secretagogues (such as GHRP-6) demonstrates considerable utility in separating hypopituitary patients from controls (15, 18) . In a study of GHRH with GHRP-6, no difference in GH response was seen between young adults (22G1.1 years) and older patients (59.5G1.7 years) (19) , suggesting its suitability in the older patient in whom the ITT may be contraindicated. It should be noted that when using GHRH in combination with arginine, BMIspecific diagnostic cut-offs exist to reflect the blunted GH response this test achieves in obese individuals (15) . The increased availability of GHRH combination tests has resulted in changes in diagnostic practices: the hypopituitary control and complications study (HypoCCS), an observational database, demonstrated a shift in clinical practice away from isolated arginine, clonidine and L-dopa testing towards an increased use of the GHRH-arginine test between 1996 and 2005 (20) . Whichever test is used, test and laboratory-specific diagnostic cut-offs need to be determined to allow for accurate diagnosis and management.
The sensitivity of serum insulin-like growth factor-1 (IGF1) as a marker of GHD declines with age, despite age-specific IGF1 reference ranges. It has been reported that virtually all young men (mean age 26.5 years) with GHD have a serum IGF1 level below the lower limit of the age-adjusted reference range (21) . The consistency of this finding is augmented by the lower IGF1 concentrations found in childhood-onset GHD. However, this reliability declines with age and Toogood et al. found that only 21% of elderly GHD patients (aged 61-85 years) had a serum IGF1 lower than age-matched controls (22) . Therefore, in a young patient IGF1 SDS may be helpful in indicating the presence of GHD, whereas in middle-aged or older patients it is less useful unless unequivocally low in the absence of intercurrent illness and hepatic dysfunction (23) (24) (25) .
Aging is associated with LBM changes similar to those of GHD. Additionally, older hypopituitary patients often have apparently normal serum IGF1 levels ( Fig. 1 ). It has therefore been questioned whether GHD is a distinct entity in the elderly hypopituitary patient or if the normal physiological decline in GH secretion with age makes GHD a redundant diagnosis. However, there is good evidence that GHD not only causes symptoms in the elderly, but also that these individuals benefit from GH replacement. Elderly hypopituitary patients have an impaired GH response to provocation testing (22) and have increased fat mass (26) when compared with agematched controls. Furthermore, older patients respond to GH replacement with equal improvements in QoL and lipid profile when compared with younger patients (27) and demonstrate a possible improvement in mortality rate (28) , thus confirming the value of replacing GH in this group.
Clinical characteristics of the hypopituitary, GH deficient patient
Body composition GH and IGF1 influence, and are influenced by, body composition, with lean healthy individuals demonstrating higher GH but lower IGF1 levels than those who are obese. In GHD there is a reduction in LBM and an increase in fat mass, with central distribution. This may contribute towards some of the deleterious metabolic consequences of GHD (29) . Even subtle changes in the GH-IGF1 axis may influence body composition: partial GHD (peak GH 5-11.8 mg/l) results in disadvantageous body changes in adolescents (12) . Furthermore, other hormonal factors may contribute to the hypopituitary phenotype. Thus, GHD may mask central hypothyroidism (30) and may alter the cortisol/cortisone conversion set point, resulting in increased local tissue exposure to the effect of glucocorticoids (31) .
GHD is consistently associated with body composition changes, irrespective of the aetiology of the GHD. However, GHD due to craniopharyngioma is associated with higher baseline rates of obesity than non-functioning pituitary adenoma (BMI 30.0G6.0 vs 28.9G5.8 kg/m 2 , P!0.003) and an increase in weight after 2 years GH replacement (males C2.5 kg, P!0.01; females C3.36 kg, P!0.0001) (32) . These findings are presumed to be a consequence of hyperphagia resulting from hypothalamic damage by the tumour and/or its treatment. Patients who have received pituitary radiotherapy have been reported as having higher mean body fat mass than patients with non-irradiated tumours, a difference attenuated with 1 year of GH replacement (33) . It has been suggested that this may be related to a direct effect of radiotherapy on the brain. However, it should be noted that in this study the radiotherapy patients had a longer period of GHD prior to replacement (11.5 vs 4.7 years) and that those treated with radiotherapy have a tendency towards most severe disease. GHD secondary to Cushing's disease and acromegaly is not associated with baseline differences in body composition when compared with other causes of GHD (34) .
The deleterious effects of GHD on body composition are evident in both obese and non-obese patients and are reversed with GH replacement (35) . Importantly, the inverse relationship between various measures of adiposity and indices of insulin sensitivity remains evident in normal weight hypopituitary patients (35) , confirming that the adverse consequences of GHD on insulin action are related to specific changes in fat distribution and not simply to increased BMI.
The effects of GHD continue into later life, although in the elderly GHD is a less important cause of centripetal weight gain than in the younger patient. When middleaged and elderly GHD patients enrolled in the KIMS database were compared (mean age 47.9 vs 69.1 years), there was no difference in mean baseline BMI and waistto-hip ratio (WHR) in men (Table 1) , but BMI and WHR were higher in older women than younger women (BMI 29.9 vs 28.2 kg/m 2 , P!0.02; WHR 0.90 vs 0.86, P!0.01; Table 2 ) (36) . In this analysis, both men and women in each age category demonstrated an improvement in WHR with 1 year GH replacement (36) . An analysis of different aged patients enrolled in HypoCCS confirmed this finding, with older GHD patients (O60 years old) having a more pronounced decrease in WHR after 3 years GH treatment than younger patients, despite having no significant improvement in LBM (37) . 
Lipids
The excess mortality in hypopituitary patients may be attributed, in part, to the adverse lipid profile associated with GHD. In an analysis of 2589 KIMS patients, 40% of GHD patients aged !20 years had total serum cholesterol (TC) above 5.3 mmol/l. Mean TC increased linearly across age groups until it plateaued at 49 years so that in those aged 40 years, 75% of patients had a TC above 5.3 mmol/l. Similar findings were seen in LDL-cholesterol (LDL-C), and to a lesser extent in triglycerides, with reciprocal changes in HDL-cholesterol (HDL-C). GH replacement was associated with significant improvements in TC, LDL-C and HDL-C but no change in triglycerides (38) . Similar findings have been found in other studies (29, 39) . Older patients also demonstrate lipid benefits with GH replacement. Monson et al. compared KIMS data for those aged over 65 years with younger patients and found no difference in baseline TC or LDL-C in men (Table 1) , although differences were found in women (Table 2 ). Both younger and older groups had similar improvements in these parameters with GH replacement (36) (Fig. 2) . Attanasio et al. reviewed results from 242 HypoCCS patients and reported the greatest improvement in LDL/HDL ratio in patients aged 40-60 years when compared with both younger and older patients (37) .
The advent of the HMG CoA-reductase inhibitors (statins) has provided powerful therapeutic tools for lowering serum TC and LDL-C, and reducing cardiovascular risk across the whole adult age range. The lipoprotein abnormalities evident in severe GHD (predominantly increased TC and LDL-C) may be significantly improved with statin therapy. To address the question as to whether additional benefit can be gained through GH replacement over and above that achieved with statin therapy, a prospective follow-up of 61 KIMS patients established on statins was performed. GH replacement achieved significant additional improvements in TC (5.3G1.53 mmol/l at baseline; 4.9G1.08 mmol/l at 1 year) and LDL-C (3.1 G1.39 mmol/l at baseline; 2.6G0.81 mmol/l at 1 year; figures given are for females, male results were similar) (40) , suggesting that both therapies may well be necessary in the GHD patient with a poor lipid profile. 
Other cardiovascular risk factors
A wealth of literature attests to the impact of GHD on cardiovascular risk. Both biochemical markers of increased atherogenesis, such as C-reactive protein (41), interleukin-6 (41) and homocysteine (42) , and morphological markers, such as intima media thickness (43) , have been shown to improve with GH replacement. GHD is associated with reduced cardiac output and a loss of cardiac response to exercise (44) . Studies of cardiac morphology in GHD have shown variable outcomes in adult-onset disease (45-47) but consistently reduced cardiac muscle mass in childhoodonset GHD (48, 49) . Furthermore, hypopituitarism is associated with increased cardiovascular mortality (3, 50) and GHD may be aetiologically implicated. The cardiovascular impact of long-standing GHD is such that reduction in cardiovascular risk has been cited as one of the aims of GH replacement in adolescence (11) . GH replacement is usually associated with a neutral effect on blood pressure (BP) (38) ; the antinatriuretic and possible chronotropic actions of GH are offset by vasodilation arising from increased generation of endothelial nitrous oxide. In studies where changes have been reported, these tend to reflect improvements in diastolic BP (27, 36, 39, 51) . These findings may be less apparent in older patients. In a review of KIMS data, diastolic BP improved in both men and women !65 years and men O65 years (27) . Improvement in systolic BP was seen in men !65 years and a trend to that effect was seen in men O65 years (27) . No BP changes were seen in women O65 years (27) .
Hypopituitary patients have an increased prevalence of diabetes mellitus. In a review of 275 GH-naive KIMS patients, the prevalence of diabetes was significantly greater in women at 5.9% compared with control data from two European epidemiological studies (control prevalence 1.8-1.9%, P!0.05); a trend to increased prevalence in males was also present but was not statistically significant (52) . These hypopituitary women were more obese than controls (39.3% had a BMIO30 kg/m 2 compared with 10.1% of controls), which is likely to have contributed towards this finding. Initially, there was concern that GH replacement would increase this prevalence further by increasing insulin resistance and hence diabetes rates. Although in the short term fasting plasma glucose may rise on commencing GH replacement (53) , improvements in LBM and WHR offset these changes and in the longterm there is no rise in HbA1c (51, 52) or plasma glucose (54) . After 1 year of GH replacement, normalisation of insulin sensitivity and plasma glucose diurnal variation are seen (55) . Normal aging is associated with an increased prevalence of diabetes across the whole population and this finding is also evident in GH-replaced GHD patients.
Bone
It is now accepted that GH replacement should not be discontinued in the GHD adolescent at the completion of linear growth but should be maintained until full somatic development has been achieved (11). These recommendations are based on studies by Drake et al. that showed that cessation of GH replacement in adolescents at the completion of linear growth is associated with negligible further gain in median total body bone mineral content (BMC) over 1 year (C2.4%, PZ0.5), whereas adolescents who continue to receive GH replacement continue to increase their median BMC (C6.0%, P!0.001) (56). Shalet et al. confirmed these findings with a 2-year, multi-centre, randomised, non-blinded study comparing an adult GH replacement dose (12.5 mg/kg per day) to a paediatric Adult GH deficiency throughout lifetime S101 EUROPEAN JOURNAL OF ENDOCRINOLOGY (2009) 161 www.eje-online.org GH replacement dose (25 mg/kg per day) and to no GH replacement in adolescents who had achieved final height; in addition to confirming the adverse effect of non-treatment with GH, this study demonstrated no additional benefit in BMC from the higher GH dose (57) . Interestingly, lumbar spine was the area that accrued the most additional BMC with GH therapy, an area particularly at risk from osteoporotic fractures.
Adult-onset GHD is associated with reduced bone mineral density (BMD) and increased likelihood of fractures. In a comparison of untreated GHD patients with controls from the European Vertebral Osteoporosis Study (EVOS), fracture prevalence in those aged O60 years was 2.66 times higher in the GHD population, with the most marked difference being in radial fracture rate; changes were significant (P!0.05) in men but not in women (PZ0.06), which may relate to imperfect population matching and to the fact that the majority of women in this age group were not receiving oestrogen replacement, which might obscure the adverse consequences of GHD (58) . Increased fracture rate was not associated with number of pituitary hormone deficiencies, suggesting adequacy of thyroxine and glucocorticoid replacement, BMI or country of origin, but was associated with smoking (58). In younger patients, similar changes were found. Interestingly, adult-onset GHD was associated with a higher fracture rate than childhood-onset GHD, although femoral neck and spinal Z-scores were similar (58) . This may relate to the fact that those with childhood-onset GHD were younger and their background fracture risk lower.
Severe childhood and adult-onset GHD have been consistently associated with low BMD and BMC, which improve with GH replacement (29, 51, 59) . However, mild childhood-onset GHD (peak GH 3-11.8 mg/l on provocation testing) appears to be associated with normal BMD (12) and improvements in BMC have been seen with what could be considered sub-therapeutic IGF1 levels (57) . These observations suggest that modest improvements in GH status may be adequate to improve bone outcomes in younger patients. Gender may play a role in determining the response of BMD to GH replacement in adult-onset GHD. In a study of 13 patients receiving GH replacement, monitored over a median of 58 months (range 44-72), Drake et al. found a significant improvement in BMD in men whereas women demonstrated stabilisation only (60) . This was despite an earlier increase in serum bone-specific alkaline phosphatase (a marker of bone formation) in women than the men (60) . External pituitary radiotherapy may impact on bone health, as noted in a KIMS database analysis in which pituitary irradiation was associated with reduced BMC prior to GH replacement (mean BMC 2.4 vs 2.8 kg, P!0.01) despite no difference in IGF1 SDS. This difference was attenuated by 2 years GH replacement and is, of course, subject to bias by virtue of differences in disease severity between the irradiated and non-irradiated patients (33) .
In older patients, Toogood et al. found no difference in BMD in 21 patients (15 male) with hypothalamicpituitary disease aged over 60 years when compared with aged-matched controls (61) . However, patients did have lower levels of biochemical markers of bone turnover, possibly explaining the increased fracture rate in this age group.
Quality of life
Hypopituitarism and GHD are associated with a reduction in psychological well-being as evidenced by patient reporting, generic QoL questionnaires, such as the Psychological General Well-Being Schedule and the Nottingham Health Profile, and disease sensitive questionnaires, such as QoL-assessment of GHD in adults (AGHDA) (62) and questions on life satisfactionhypopituitarism (QLS-H) (63) . Analysis of the different components of QoL-AGHDA scores demonstrates a consistent pattern of deficit with memory, concentration and tiredness affected earliest and problems with socialising affected only in more severe GHD. With treatment, these improve in reverse order (64) . Some of the QoL improvements seen with GH replacement may arise from improvements in physical factors, such as increased circulating volume, exercise tolerance and muscle strength. Aetiology-specific differences in QoL are seen: craniopharyngioma (65), female gender (6, 39, 59 ), Sheehan's syndrome (66) and cranial irradiation (33) are all associated with worse baseline QoL, although it should be noted that all of these, with the exception of irradiation, are associated with particularly low IGF1 levels. Patients with isolated GHD reported in the KIMS database showed no difference in QoL between childhood and adult-onset disease using QoL-AGHDA questionnaires (59) . However, patients in the HypoCCS database, assessed using QLS-H questionnaires, showed significantly worse QoL scores in adult-onset GHD (63) . This may result from the use of Z-scores in QLS-H, unmasking differences in diseaseaffected individuals when compared with their peers, or may reflect the mixture of GHD aetiologies in the HypoCCS analysis, with other pathologies influencing QoL in addition to GHD. In this analysis, the authors describe a U-shaped curve of QoL in GHD, with those aged 35-45 years having lower baseline Z-scores when compared with those older or younger (63) . This may reflect a true difference in QoL at different ages or may be confounded by personal expectations, as QLS-H is weighted according to how important each symptom is to the individual and these expectations may vary with age. The use of Z-scores removes the influence of the normal fall in QoL scores that may occur with aging.
In an analysis of 1686 patients with GHD enrolled into the KIMS database, QoL improved dramatically towards the country-specific population mean and approached normality by 1 year, with changes sustained at 5 years (64) (Fig. 3) . Poor baseline QoL-AGHDA score predicts a greater psychosocial response to GH replacement (65) . There seems to be no difference in improvement in QoL in adult patients of different ages, with older patients deriving as much benefit from GH replacement as those who are younger (27, 36, 39) (Fig. 4) .
Optimising GH treatment
Initial GH replacement doses were based on body weight or surface area. This resulted in side effects including fluid retention, carpel tunnel syndrome and arthralgia in a substantial proportion of patients. Current practice has eliminated this problem by the initiation of low doses, with titration against serum IGF1 and clinical improvement to determine final dose, resulting in excellent tolerability (10) . Although an insensitive marker of the presence of disease, especially in the elderly, IGF1 provides a useful guide to the physician for dose adjustment and is an essential safety marker to avoid over-treatment. The established practice of aiming for a serum IGF1 in the upper half of the age-adjusted reference range is supported by the work of Drake et al. (67) and Mukherjee et al. (68) . This approach results in higher GH doses in women (39, 67) as would be predicted from normal physiology in which similar IGF1 levels are dependent on higher GH secretion in females. The mechanism of this gender difference is incompletely understood, although oestrogen-mediated changes in IGF1 generation are a significant contributor. As healthy individuals age, circulating IGF1 levels fall. Therefore, aiming for an IGF1 level in the upper half of the age-adjusted reference range results in lower GH doses being given to older patients.
Conclusion
Both childhood and adult-onset GHD result in a broad range of physical and psychological side effects in adult life. At each phase of adult life, different individual aspects may predominate in determining the need for GH replacement. However, most consequences of GHD have impact throughout adult life, and demonstrate benefit from GH replacement. The importance of diagnosing and treating GHD in the elderly should not be underestimated as older hypopituitary patients demonstrate significant improvement in QoL and physical well-being with GH therapy. When diagnosing GHD and monitoring GH replacement, appropriate testing should be used to ensure the correct diagnosis and safe management and age-related reference ranges for IGF1 are employed. KIMS and other similar databases have provided an invaluable contribution to our understanding of GH replacement and its safety.
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